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Introduction 19
Three classes of volcanic plumes can be differentiated by the relationship between two 20 time scales, the eruption duration and rise time [e.g., Sparks et al., 1997] . The eruption duration 21 is the time over which material is injected into the plume. The rise time is the time over which 22 the plume reaches its maximum height. Plumes with short rise times relative to long eruption 23 (injection) durations are classified as sustained or steady columns. Plumes with long rise times 24 relative to the nearly instantaneous duration of explosions are classified as thermals. The third 25 class of plumes is intermediate to the first two and is characterized by plume rise times that are 26 comparable to short eruption durations. Plumes in this class are short-lived and highly unsteady. 27
Each class exhibits a distinct relationship between the eruption (or injection) conditions and the 28 plume rise dynamics that control plume morphology. Wilson, 1976; Sparks et al., 1997] . Both of these geometries are thought to indicate that the 32 plume is in a self-similar dynamic state (i.e., the flow morphology does not change in time), and 33 that the flow can be described reasonably well with analytical models that approximate the 34 detailed turbulent dynamics [Morton et al., 1956] . According to these models, the rise of 35 sustained volcanic columns is primarily controlled by the rate at which buoyant fluid is 36 discharged into the plume; on the other hand, thermals are controlled by the total amount of 37 buoyant discharged fluid, not the discharge rate [e.g., Morton et al., 1956; Wilson, 1976; Sparks 38 et al., 1997] . 39
Intermediate volcanic plumes take on a variety of morphologies [e.g., Patrick, 2007] . 40
These include features that are spherical and conical, as well as cylindrical [Patrick, 2007] . 41
These morphologic characteristics also evolve over time, changing throughout the plume rise 42 process [e.g., Patrick, 2007; Mori and Burton, 2009; Chojnicki et al., 2015] . The morphologies 43
are not well understood and lack analytical descriptions, but here we seek a method of inferring 44 the dynamic flow conditions in these intermediate plumes and the factors that control them using 45 observations of their morphological evolution. 46
The initial rise of volcanic plumes before they reach their maximum height and form a 47 conical column has been modeled as a 'starting plume' [Turner, 1962 Wilson and Self, 1980; 48 Sparks and Wilson, 1982; Patrick, 2007] . According to this description, the starting plume has 49 two prominent features, a spherical head and a conical tail. The dynamics are different in each 50 feature. The spherical head contains a starting vortex structure and the conical tail contains a 51 steady jet structure [Turner, 1969] Patrick [2007] . 55 Kitamura and Sumita [2011] attribute these cylindrical features to unsteadiness in 56 discharge conditions after finding they could not reproduce the cylindrical features in analogue 57 laboratory jets evolving from a steady rate of buoyant discharge. Our previous laboratory 58 experiments support this claim, as we were able to generate neutrally buoyant analogue jets with 59 cylindrical geometries using an unsteady discharge rate [Chojnicki et al., 2015] . We observed the 60 evolution of both the analogue jet morphology and the internal velocity fields and found that the 61 analogue jet morphology is a good indicator of the jet internal velocity structure and dynamics. 62
Furthermore, and most importantly, we found that changes in the analogue jet morphology 63 correlate well with changes in the discharge rate. We therefore apply our laboratory analysis to 64 
Analogue Jet Experiments 71
The analogue jet experiments used here are discussed in detail by Chojnicki et al. [2014, 72 2015] . We provide a brief summary here. Our experiments were performed under idealized 73 conditions in the laboratory so that both the jet and the source could be measured simultaneously. 74
Turbulent jets were generated in the laboratory by injecting water at high-speeds into a tank of 75 still water through a circular vent. The injection durations were comparable to, but shorter than, [Patrick, 2007] , an ashy plume with 120 a rise behavior that decelerates from an initially high velocity and then rises at a constant rate. 121
These events are interpreted to have momentum as the primary driver during the initial stages 122 when the flow-front propagation is decelerating [Patrick, 2007] . Thus, we assume buoyancy is 123 not a dominant driver of the volcanic plume near the vent. Mori and Burton [2009] note that an 124 ambient wind was present during this event, but given that the plume axis is near-vertical we 125 argue that wind has at most a secondary effect in the initial rise process. We therefore assume 126 our experimental results, with a neutrally buoyant jet rising into a still ambient, are analogous, at 127 least to a first approximation. 128
For the first 8s of the Stromboli eruption (Figure 1b We cannot state without uncertainty that the cylindrical shape of the jets during Phase 1 143 is uniquely indicative of an increasing discharge rate. However, we do assert that the cylindrical 144 shape may be a good indicator of source unsteadiness, given that the cylindrical geometry 145 appears in our analogue jets when the ejection is Gaussian in time, but cylindrical geometry is 146 not observed when the source is steady as in Kitamura and Sumita [2011] . Given this ambiguity, 147 future work should examine jet morphology response to a wide range of temporally varying 148 discharge histories to determine if the cylindrical shape is unique to the discharge condition 149 inferred here. 150
Snap shots of the Stromboli plume at 10s and 12s are shown in Figure 2b (right two 151 panels). At these times a narrow neck of fluid begins to form between the head and tail of the 152 volcanic plume. We infer this narrow region to be similar to the neck in the analogue jets that 153 appears in Phase 2 (Figure 2a ). This neck first appears when the discharge rate begins to 154 decrease in the laboratory experiments [start of the falling edge of the Gaussian injection; 155
Chojnicki et al., 2015]
. We therefore infer that the discharge rate has begun to decrease by this 156 point in the volcanic eruption as well. This inference is not consistent with the interpretations of 157 the gas flux made by Mori and Burton [2009] , in which they conclude that discharge rate should 158 still be increasing at this time. However, they assume that the total amount of sulfur dioxide in 159 the image is a good proxy for the discharge conditions. We argue instead that the total amount of 160 discharged sulfur dioxide (the amount in the images) is a proxy for the cumulative mass of fluid 161 discharged from the beginning of the eruption until the time of the measurement, rather than a 162 good indicator of the instantaneous discharge rate. 163
Snapshots of the plume from 14s to 20s are shown in Figure 3b . Although the shape of 164 the plume near the volcanic vent is difficult to see, we note a rounded feature near the base of the 165 plume, designated as the End Vortex (labeled EV) below which the plume narrows and nearly 166 pinches out. The development of the EV is also observed in 'stopping jets' that are buoyant 167 [Kattimeri and Scase, 2014] . In the analogue jet during Phase 3 (Figure 3a) , there is also a gap 168 between the base of the tail and the vent, while the EV is more difficult to observe. This gap 169 appears between the vent and the EV in the volcanic plume (Figure 3b ) and, thus, we interpret 170 the EV to mark the end of the injection. The EV first appears at 12s (Figure 2b ) in the volcanic 171 eruption suggesting that the discharge rate decreased and ended around this time. 172
These combined observations indicate that the volcanic plume entered Phase 3 by 173 approximately 14s after onset. In this phase of the analogue jets (Figure 3a) , the starting vortex 174 evolves independently of the tail. Evidence for this same independent motion in the volcanic 175 plume is found in the difference in the concentrations between section 2 and V1 ( Figure 3b) ; the 176 concentration decreases over time in V1 but remains similar over time in section 2 and V1 177 appears to be moving or 'stretching' away from section 2. Furthermore, the concentration 178 appears to decrease over time in sections 3 and 4 as well, but at a slower rate than the decrease in 179 V1. These analogous observations of the laboratory jets indicate that the dynamics in different 180 parts of the flow evolve somewhat independently in the later stages of the plume evolution. The 181 spatial variations in plume evolution, and corresponding variations in plume dilution, are 182 important considerations when modeling the dynamics of these plumes and resultant ash 183 dispersal. 184
Phase 3 of the analogue jet evolution is marked by the particular characteristics of section 185 2, and the volcanic plume appears to follow a similar evolution (Figure 3 ). In Figure 3 section 2 186 appears to contain the highest fluid concentrations in both the laboratory (Figure 3a showing similar features to the analogue jets and the Stromboli plume, despite the differences in 322 the volcanic systems. 323
